or medial nucleus of the superior olivary complex is the first nucleus in the classical ascending auditory pathway that receives bilateral input. Both the anatomical structure and electrophysiological responses of the accessory nucleus suggest that it is a locus of binaural signal processing. The cells of the accessory nucleus have been shown to be responsive to interaural time and intensity disparities of binaurally presented clicks (5, 6) and to the interaural phase relations of binaurally presented tones (11). The field potentials of the accessory nucleus evoked by click and pure-tone stimuli have been correlated with the anatomical distribution of synaptic input from the two ears (3, 5, 17) . Evidence of binaural interaction in the slowwave responses of the superior olivary complex to binaurally presented clicks was found by Rosenzweig and Amon (13) . In the present study the field potentials of the superior olivary complex evoked by binaurally presented pure tones were analyzed to define further the mechanisms of binaural interaction.
The stimuli used in this study were binaurally presented pure tones which differed slightly in frequency, resulting in a constantly changing phase relationship between the tones. In man, this stimulus produces the percept of a beating or pulsating tone which is known as "binaural beats." The rate of beat-ing is equal to the difference in frequency between the two tones and represents a binaural analysis of the changing interaural phase relations. The objectives of this study were: 7) to see if a periodicity corresponding to the binaural beat rate was present in the field potentials of the superior olivary complex; 2) to determine if this periodicity could be attributed to a physiological coding of interaural phase relations;
and 3) to see how changes in the field potentials in response to changes in stimulus parameters corresponded to perception.
METHODS

Surgical procedures
Two types of preparations were used in 2 1 successful experiments: I) cats anesthetized with sodium pentobarbital (40 mg/kg, ip) and 2) unanesthetized cats which had been decerebrated at the level of the superior colliculus. All surgical procedures were carried out with the cat in a stereotaxic apparatus with hollow ear bars. Body temperature was maintained at about 37 C with a heating pad. There was no monitoring of blood pressure or respiration. The decerebration procedure was carried out with the animals anesthetized with halothane (Fluothane, Ayerst Laboratories). The internal carotid arteries were tied, the skull exposed and a l-inchdiameter hole was trephined in the skull overlying the colliculi.
A blunt spatula (4 mm wide), fixed in a stereotaxic carrier, was lowered vertically three or four times through the brain until there was an incision extending the entire width of the trephined hole.
A postmortem verification of the completeness of the decerebration was always made. In the anesthetized preparations, additional sodium pentobarbital was generally administered as needed.
Both dorsal and ventral approaches to the superior olivary complex were used. For the dorsal ap- preach, the electrode was inserted stereotactically at a 30° angle from the vertical. For the ventral approach, the stereotaxic apparatus was inverted, the cat was intubated, and the bone overlying the brain stem was exposed.
A hole was drilled in the midline suture and the electrode adjusted to penetrate the brain stem at a mediolateral angle of 30'. In 10 cats, a round-window electrode was inserted through a hole in the bulla and was held in place with dental cement.
Stimulus presentation
Two This was accomplished by mixing the two tones in a differential amplifier, triggering the oscilloscope sweep at some point in the waveform produced by the combined tones, and then triggering the computer with a gating pulse from the oscilloscope.
In this manner the tones were combined for triggering purposes but were not combined in the signal channels.
Activity stored in the computer was either displayed on the oscilloscope and photographed or was plotted on graph paper by a Mosely X-Y plotter.
Initial observations and necessary considerations
When the electrode was located in or near the superior olivary complex, the two types of field potentials characteristic of this region were readily seen in response to a pure-tone stimulus.
These potentials have been generally referred to as the "following" response and the "slow" potentials and can be observed independently by appropriate filtering (17). The following response is a periodic 430 J. S. WERNICK AND A. STARR potential whose fundamental frequency is the same as that of the stimulating tone and is best between 400 and 2,000 Hz. The slow potential is essentially a base-line shift which is initiated at the onset of the stimulus and gradually decays or is brought abruptly to the initial base-line level upon termination of the stimulus.
The polarity of the slow potential is dependent on the location of the clcctrode within the superior olivary complex. When the binaural-beat stimulus was presented to the cat, both the following and slow potentials could readily be seen to have a periodicity corresponding to the binaural-beat rate (Fig. 2) . For the following response this periodicity was present as a modulation of the envelope of the evoked potential and for the slow potential, the binaural periodicity was seen as an almost sinusoidal amplitude modulation of that potential.
Unfortunately This procedure typically yielded a straight line, indicating that variability over time was not the source of binaural-monaural differences.
A signal analogue was provided by mixing the two stimulus tones and averaging them (line 7). The maxima represent stimuli interaurally in phase and minima represent stimuli 180" out of phase.
Terminology
The potentials derived from a given analysis or having a characteristic feature (as in the case of slow-potential periodicity) will be referred to by the following terms:
1. Binaural activity-the "following" response activity elicited by a "binaural-beat" stimulus. An example of this activity is seen in Fig. 3 , line 4.
Monaural
sum-the sum of the two monaurally evoked following responses, as in Fig. 3 , line 3.
3. Binaural interaction-the activity remaining after subtraction of the monaural sum from binaural activity, as in Fig. 3 , line 5. 4. Slow potential beats-any modulation of slow potentials at the "binaural-beat" rate, as in Fig. 2, upper right-hand trace, in which the slow potential is seen with the "following" response filtered out, or in Fig. 3 , line 5, in which slow-potential modulations can be seen along with binaural interaction. frequency that is about midway between the frequencies of the two stimulating tones and an envelope repetition rate equal to the frequency difference between the two tones. The slow potential has a periodicity corresponding to the binaural-beat rate (slowpotential beats). The latency of both slowpotential beats and binaural interaction from the onset of the evoked electrical activity varied between 1 and 12 msec and was usually less than 5 msec.
RESULTS
General characteristics of binaural interaction and slow-potential beats
The prominent envelope repetition rate of binaural interaction was typical of a great many electrode locations; however, there were just as many areas where a difference between binaural and monaural stimulation was obtained without any detectable periodicity. Sometimes, slow-potential beats and binaural interaction were seen together, as in the activity seen in Fig. 3 , line 5; and, at other times, at a given electrode location, only one of these potentials was present. Binaural interaction is the difference between the binaural response and the sum of the activities produced by monaural stimulation (monaural sum) and, as such, it can either reflect an increase or a decrease of activity. This can be determined by a direct comparison of the amplitude of the binaural response with that of the monaural sum, i.e., if the monaural sum is of greater amplitude than the binaural response, then binaural stimulation has resulted in a decrease of ac-tivity. In 12 experimen ts in which this determination was made, bi naural stimula tion resulted in a decrease in activity. This decrease typically occurred where the binaural response was of the lowest amplitude, i.e., at its envelope minima. In only one experiment, binaural stimulation resulted in a small increase in activity.
The mechanism producing this decrease in the following response during binaural stimulation could be either an amplitude change, a latency shift? or a combination of these two. These possibilities were evaluated by directly comparing the two forms of activity at a greatly expanded time scale (Fig. 4) . In three -such experiments binaural interaction was always the result of an amplitude difference in the following response between the binaural response and the sum of the monaural responses and no evidence of a latency shift was detected. ANATOMICAL 
LOCUS OF BINAURAL INTERACTION
AND SLOW-POTENTIAL BEATS. Table  1 summarizes the types of electrical activity found at different electrode locations. There were many areas in the brain stem in which the binaural response occurred with an envelope periodicity of Af, but where binaural interaction did not result. In every experiment in which binaural interaction was found, the electrode was always within the rostrocaudal limits of the superior olivary complex. Binaural interaction was typically found from the ventromedial border of the accessory tion or slow-potential beats was seen. Tract C was medial to the S segment but went through the accessory nucleus. In this tract there was both binaural interaction and slow-potential beats. The most lateral tract (tract D) traversed both the S segment and the accessory nucleus. The activity obtained in this tract was similar to that in tract C except that binaural interaction was smaller. The three graphs in the left-hand column of Fig. 5 illustrate, respectively, the amplitudes of the slow potentials, following response, and binaural interaction along tract C, which traversed the center of the accessory nucleus. Binaural interaction, the slow potentials? and following potentials were of maximal amplitude in the accessory nucleus, whereas slow-potential beats were seen only in the region of the S segment. Thus, the locus of maximal slow-poten- Q4.5 . .
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nucleus to the dorsal extent of the S segment and was maximal in the accessory nucleus. The anatomical locus yielding maximal slowpotential beats was dorsal to the region of maximal binaural interaction, but in the same rostrocaudal plane. The graphs in Fig. 5 illustrate the relations of the potentials obtained from a typical experiment.
In this experiment four electrode tracts were made in the lateral plane in l-mm steps. The maximum amplitude of binaural interaction in each of these tracts is graphed in the right-hand column in Fig. 5 Note that all tracts were medial to the superior olivary complex. Activity at P = 7.5 was obtained from the location indicated by the black dot in insert diagram. Activity at P =6.5 was recorded just medial to S segment and not at position of black dot. Note that binaural interaction was of largest amplitude at P = 7.5, the only location where monaural contralateral stimulation did not evoke any following activity. tial beats was different from the locus of both slow potentials and binaural interaction. There was only one instance in which binaural interaction and slow-potential beats were detected beyond the bounds of the superior olivary complex. In experiment BC four elec trode tracts were made the anterior-posterior plan e n l-m .m step s in with al l of the electrode tracts medial to the superior olivary complex.
Examples of the obtained activity are presented in Fig. 6 , along with reconstructions of the electrode location. It can be seen that in each tract a periodic envelope was evident in the activity evoked by binaurally prcsentcd tones (the top trace in each picture) and except for the tract which was anterior to the entire superior olivary complex, binaural interaction was obtained (the lower trace each picture). Binaural in teraction was ma in Xl -ma1 in the most posterior tract. It is of interest that there was essentially no following response frorn stimulation of the contralateral ear at this loca tion. At all other elec trode locations in this animal, contralateral stimulation did evoke a response, but binaural interaction was much smaller. (Af). A Af series was run in five experiments in which values of Af ranging from 1 to 320 Hz were presented most often at a base frequency of 600 Hz. Each Af value was usually presented at three signal intensities: 65-, 75, and 85-db SPL; or 75-, 85-, and 95-db SPL.
Changes in binaural interaction and slow
Data from one of these experiments are presented in Fig. 7 to illustrate the results typically obtained in a Af series. Both binaural interaction and slow-potential beats, with a periodicity at the rate of Af, occurred over a wide range of Af values. In these results there was no trend in the amplitude of either binaural interaction or the slow-potential beats with changes in Af. In the cases where a trend was detected, it was found to depend upon electrode location, such that a movement of the electrode by as little as .5 mm to a new location might reverse this trend. In one experiment (Fig. 8 ), values of Af larger than 100 Hz were used and two modes of binaural i nteraction were evident. When the two tones were The data in Fig. 9 illustrate the changes in the binaural response, binaural interaction, and slow-potential beats that result from changes in base frequency. Binaural interaction was maximal at 1 kHz and at 600 Hz and there was little binaural interaction at 300 Hz, 800 Hz, and 2 kHz. The amplitude of the slow-potential beats was smallest both at the lowest (300 Hz) and at the highest frequencies used (2 kHz). The lack of binaural interaction at 2 kHz can be attributed to the fact that there was very little following at this frequency.
In one other animal the changes in slowpotential beats with changes in frequency were studied. With Af held constant at 20 Hz, slowpotential beats were present, at about the same amplitude, for frequencies of 600 Hz, 1 kHz, and 2 kHz, but were not observed when the stimulus frequency was 4 kHz. The results of these two studies indicate that slowpotential beats decrease in amplitude at high frequencies (above l-2 kHz).
AI). The effects of AI on binaural interaction and slow-potential beats were investi-gated in five animals. In three of these experiments binaural interaction and slow-potential beats were seen over a AI range of 30-50 db and were maximal when the tones were of equal intensity. In the other two experiments, however, both slow-potential beats and binaural interaction were maximal when the tones were mismatched by 20-30 db. Figure 10 shows the activity evoked in one of these preparations when AI was equal to 0 db and when AI was equal to 20 db. Both binaural interaction and slow-potential beats were greater when AI was equal to 20 db, even though the monaural responses were of equal amplitude when AI was equal to zero. The occurrence of maximal slow-potential beats with an interaural intensity mismatch was characteristic of this entire electrode tract, independent of base frequency and Af value.
EFFE CTS OF VARIABILITY AND ANESTHESIA.
The amplitude of slow-potential beats was fairly stable over time; however, the amplitude of binaural interaction could sometimes change dramatically.
When this occurred, binaural interaction was greater at all stimulus parameters. These changes were not correlated with either the level of spontaneous activity or the level of anesthesia. These abrupt changes in the amplitude of binaural interaction were also seen in nonanesthetized, decerebrate preparations.
The relationship of binaural interaction to the binaural response was independent of the level of anesthesia. Though the amplitude of the binaural response decreased as anesthesia deepened, binaural i nteraction remained a constant percentage of the bin-aural response.
CONTROL PROCEDURES
Round window. To test whether binaural interaction measured in the superior olive reflected binaural effects at the cochlea, either from a cochleocochlear pathway (4) or from acoustic crossover, determinations of binaural interaction in cochlear microphonic potentials were made. These measures were made in three cats and in no case was a difference between binaural and monaural stimulation noted. In one determination of binaural interaction, the value of interaural attenuation was first obtained, as previously described, and was found to be 30 db. The stimulus at the ear contralateral to the electrode was then set 30 db more intense than the stimulus to the ipsilateral ear. Since this was the amount of interaural attenuation, the contralateral and ipsilateral stimuli were physically present at approximately equal amplitudes at the cochlea from which the activity was recorded. This produced a physical beat which was reflected in the cochlear microphonics.
No difference betw reen binaural and monaural stimula tion was noted even i n th is extreme condition, thus indicating that the contribution of cochleocochlear connections or acoustic crossover to binaural interaction as measured in the superior olive was negligible.
Physical beat control. In order to evaluate the possibility that slow-potential beats recorded in superior olivary complex resulted from physical beats generated by acoustic crossover, physical beats were introduced as stimuli and the responses were compared to those evoked by the same two tones presented binaurally. Physical beats produced a modulation of the slow potentials at a rate of Af, as did the binaurally presented stimuli, but the potentials produced by Ph ysical beats were approximately 180" out of phase with those produced by the binaural-beat stimuli.
Binaural interaction and slow-potential beats at higher auditory stations Some preliminary observations have been made at the level of the inferior colliculus and at the auditory cortex. Binaural interaction and slow-potential beats were found in the inferior colliculus.
Binaural interaction in the inferior colliculus tended to be a greater percentage of the following responseihan in the superior olive. More observations of these potentials in the inferior colliculus are needed to determine their anatomical loci within that nucleus and to determine their behavior relative to the potentials arising in the superiorolivary complex.
At the auditory cortex, no periodic activity was found corresponding to the binaural-beat rate.
DISCUSSION
Sources of binaural interaction and slow potential beats other than binaural interaction SUMMATION OF THE MONAURALLY EVOKED RE-
SPONSES.
The results of this study show that stimulation with a binaural-beat stimulus will evoke a periodicity in the potentials of the superior olivary complex of the cat that corresponds to the binaural-beat rate. The possibility that the periodicity seen in the following response was the result of the summation at the electrode of the two independently generated monaural responses was handled by subtracting the monaurally evoked activity from the binaurally evoked activity and attributing the binaural-monaural difference to binaural interaction. This analysis yields a conservative estimate of binaural interaction as it is possible that the binaurally evoked response (binaural response) is attributable to binaural processing but is essentially equal to the sum of the monaural responses. This would be indistinguishable from the situation where binaural interaction did not exist and where the binaurally evoked response was solely the sum of the monaural activity. Binaural interaction was, in general, character-ized by an envelope periodicity equal to the binaural-beat rate. The absence of such a periodicity reflected a condition in which binaural interaction was present but was independent of the interaural phase relations of the signals. Since the sum of the monaurally evoked slow potentials did not contain a periodic component, the presence of slowpotential beats was taken to reflect binaural processing. ACOUSTIC CROSSOVER.
It was noted previously that the periodicities seen in slow-potential beats and in the envelope of binaural interaction could arise from the production of physical beats via acoustic crossover. The results of round-window recording showed that acoustic crossover did not influence binaural interaction. Slow-potential beats were shown to exist over a wide range of interaural intensity differences (O-40 db) with very little change in amplitude.
If these modulations of the slow potential resulted from physical beats produced by acoustic crossover, they would exist over a much smaller range of AI, since the production of a well-defined physical beat requires that the two signals be of approximately equal amplitude.
When physical beats were introduced as stimuli, a modulation of the slow potential similar to that evoked by binaural stimulation was seen; however, this modulation was 180" out of phase with slowpotential beats. This indicates that these are two separate potentials and, thus, slow-potential beats cannot be attributed to acoustic crossover. It also suggests, however, that observations of slow-potential beats, with respect particularly to changes in AI, might be biased by acoustic crossover; for as the value of AI approaches the value of interaural attenuation, physical beats will result and produce their own modulations of the slow potentials.
CHANGES IN IMPEDANCE.
It has been suggested that binaural interaction might be attributed to a monaurally induced impedance change at the electrode. Unless this impedance change was solely in the resistive component of the impedance, which seems unlikely, a latency shift between binaural and monaural stimulation should result. Since no latency shifts between the binaural response and the monaural sum were observed, the probability that binaural interaction resulted from an impedance change is low. Also, the possibility that monaurally evoked impedance changes would result in a periodicity at the Af rate seems unlikely.
Anatomical locus of binaural interaction and slow-potential beats Binaural interaction and slow-potential beats were found in the accessory nucleus and in the S segment of the superior olivary complex. In addition, in one experiment, both binaural interaction and slow-potential beats were found at a point about 1 mm medial to the S segment. Since recording was bipolar with the electrodes closely spaced and binaural interaction and slow-potential beats, when found, existed only in a small area, it appears unlikely that these were volume-conducted potentials originating from distant generators.
Binaural interaction and slowpotential beats were not always found together. In experiments where both potentials were found in separate loci, binaural interaction was found in the accessory nucleus and slow-potential beats were found in the S segment. This would suggest that two independent generators of binaural activity exist. This concept is supported by the findings that changes in frequency and Af did not always evoke corresponding changes in binaural interaction and slow-potential beats. When AI was varied, however, binaural interaction and slow-potential beats behaved in a similar fashion. This would indicate that there is some degree of dependence between the generators of binaural interaction and slow-potential beats. The finding that slow-potential beats were largest in an area distant from the region in which slow potentials themselves were maximal suggests that slow-potential beats are generated independently of the slow potentials, rather than by direct modulation of the slow-potential source.
Correspondences between electrophysiological results and perception
Although it is not known if cats perceive binaural beats, it is reasonable to assume that the neurophysiological mechanisms processing interaural phase differences in cats are similar to those in man. The periodicity of the binaurally evoked potentials corresponds to the binaural-beat percept in man. The ampli-AND A. STARR tude of binaural interaction and slow-potential beats was found to vary with changes in frequency and interaural intensity differences in the same manner as the binaural-beat percept (9, 16). However, the changes in these potentials, with respect to changes in Af, did not correspond to perception. Binaural beats are heard only over a small range of Af values, from about 2 to 25 Hz (9), whereas binaural interaction and slow-potential beats were found over a much larger Af range. Furthermore, the latency for the perception of binaural beats is about 120 msec (l), whereas the latency of both binaural interaction and slowpotential beats, relative to the onset of the evoked response, was typically less than 5 msec.
The short latency of binaural interaction and slow-potential beats, relative to the binaural-beat percept and the effects of Af changes on these potentials, indicate that they are not direct correlates of binaural beats. These differences indicate that there is, probably, additional transformation of this information at other levels of the brain. The study of Masterton and Diamond (10) indicates that one additional transform, permitting the perception of a "fused" image to binaurally presented sound s, takes place at the cortex. The presence of binaural interaction and slow-potential beats at high Af values may reflect aspects of binaural interaction other than the binaural-beat percept. An example of a perceptual manifestation of binaural interaction at high Af rates is provided by von Bekesy (2).
Relevance of results to single-unit activity
The first level of the auditory pathway at which interaural phase-sensitive units have been found is in the accessory nucleus of the superior olivary complex (11). The results of this study provide support for this finding by showing that the electrical activity of the superior olivary complex contains a periodicity in both the following and slow-potential responses dependent on stimulus-phase relations. It is also indicated that the elements generating these electrical responses have a relative decrease in activity to binaural stimulation, when compared with responses to monaural stimulation similar to the phasesensitive unit in the accessory nucleus reported by Moushegian and Rupert (11) that discharged less frequently to binaural stimulation than it did to monaural contralateral stimulation.
The discharge rate of phase-sensitive units in the inferior colliculus studied by Rose and his associates (12), varied as a function of the interaural phase relations of tonal stimuli below 3 kHz. This is comparable to the upper frequency limit at which binaural interaction and slow-potential beats were found in the present experiments.
RESPONSES
OF SINGLE UNITS TO A BINAURAL-BEAT STIMULUS.
A few studies (7, 11) have used the binaural-beat stimulus paradigm to determine how a unit would react to different frequencies in each ear. In these studies the analysis of unit discharges was not related to the interaural phase relations of the binaural stimuli and, thus, no analysis was made of periodicities in the unit discharge. Some preliminary experiments were carried out to find out if units would respond periodically to a binaural-beat stimulus. Such units were found in both the superior olive and the inferior colliculus.
The binaural-beat stimulus is an excellent paradigm for studying unit sensitivity to interaural phase relations as it provides an almost instantaneous record of a unit's behavior over the entire range of interaural phase differences. This is an advantage over using two tones of the same frequency and obtaining a measure of the units' responses at numerous discrete phase relationships, as has been done in previous studies investigating phase-sensitive units (11, 12) .
SUMMARY
Electrical
activity in the superior olivary complex of decerebrat e or pentobarbitalanesthetized cats was recorded with bipolar electrodes during the presentation of binaural tones differing slightly in frequency. This stimulus produces the percept, in man, of a single tone which appears to pulsate or beat in the center of the head at a rate equal to the difference in frequency between the tones. This percept is known as "binaural beats" and is related to the constantly changing interaural phase relations of the stimuli.
A periodicity at the binaural-beat rate was seen in both the "following" response and slow potentials of the superior olivary complex. To determine what portion of the bin-aurally evoked following response was due to binaural interaction, the activity evoked by the sum of the two monaural stimuli was subtracted from the binaural response by a small digital computer.
A difference between monaural and binaural stimulation (binaural interaction) was restricted to the region of the accessory nucleus and the ventral region of the S segment of the superior olivary complex. Binaural interaction was the result of an amplitude change in the following response and resembled an amplitude-modulated sinusoid. It had a frequency of approximately (f&fi)/2 and an envelope periodicity corresponding to the binaural-beat rate. It almost always represented a relative decrease in the following response evoked by binaural stimulation when compared with the responses evoked by monaural stimulation. Binaural interaction in the slow potentials
